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mental	 change.	 However,	 while	 these	 nonlinear,	 species-	specific	 physiological	
relationships	between	environment	and	performance	appear	to	be	general,	rarely	are	




work	 that	 realigns	 the	positive	and	negative	physiological	effects	of	changes	 in	cli-
matic	 and	 nonclimatic	 drivers	with	 indirect	 ecological	 responses.	 Using	 a	 series	 of	
simple	 models	 based	 on	 direct	 physiological	 responses	 to	 temperature	 and	 ocean	
pCO2,	we	explore	how	variation	in	environment-	performance	relationships	among	pri-
mary	 producers	 and	 consumers	 translates	 into	 community-	level	 effects	 via	 trophic	
interactions.	These	models	 show	 that	even	 in	 the	absence	of	direct	mortality,	mis-
matched	responses	resulting	from	often	subtle	changes	in	the	physical	environment	
can	lead	to	substantial	ecosystem-	level	change.
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1  | INTRODUCTION
Global	climate	change	is	often	considered	as	a	multi-	layered	stressor,	
eliciting	 a	 range	 of	 highly	 nonlinear	 responses	 in	 biological	 systems	
(Doney	et	al.,	 2012).	A	major	emphasis	of	 forecasting	 approaches	 is	
thus	to	understand	how	multiple	stressors	 interact	to	drive	patterns	
of	 ecosystem-	level	 stability	 (Isbell	 et	al.,	 2015),	 or	 instability	 (Drake	
&	Griffen,	2010;	Lubchenco	&	Petes,	2010),	conceptualized	as	phase	







Ultimately,	 community	 and	 ecosystem-	level	 responses	 are	 as-
sumed	to	be	an	emergent	result	of	the	direct	effects	of	environmental	
change	on	the	physiology,	behavior	and	survival	of	 individual	organ-
isms	 (Gunderson,	 Armstrong,	 &	 Stillman,	 2016;	 Gunderson	 &	 Leal,	
2016),	which	 in	 turn	 determine	 indirect	 interactions	 that	 propagate	
or	 buffer	 change	 to	 population	 dynamics	 and	 community	 structure	
(Ghedini	&	Connell,	2017;	Post,	2013;	Seebacher	&	Franklin,	2012).	
Yet,	 seldom	 are	 these	 two	 divergent	 scales	 of	 approach	 rectified.	




ically	 categorized	as	 “stressors”	 are	 at	 a	physiological	 level	biphasic,	
with	 abiotic	 changes	 exerting	 negative	 effects	 at	 some	 levels,	 and	
positive	 physiological	 effects	 at	 others.	 Importantly,	 the	 sensitivity	
to	changes	can	vary	among	 interacting	species	so	that,	 for	example,	
an	 increase	 in	 temperature	 can	have	 a	 positive	 impact	 on	one	 spe-
cies,	while	simultaneously	negatively	impacting	individuals	of	another	







Smith	 et	 al.,	 2015).	This	 outlook	may	 in	 some	 cases	 stem	 from	 the	
implicit	(but	recognized	as	flawed,	Stillman	&	Somero,	1996)	assump-
tion	that	all	organisms	are	perfectly	adapted	to	the	environmental	con-




and	 time,	which	 remains	 a	 common	 feature	 of	many	 biogeographic	
studies	(McAfee,	Cole,	&	Bishop,	2016)	and	is	formalized	as	the	stress-	






























has	 to	date	 remained	elusive.	By	developing	a	more	 realistic	 frame-
work,	we	seek	 to	 integrate	 findings	across	multiple	 studies	and	 link	




both	 positive	 and	 negative;	 (2)	 not	 only	 lethality	 but	 also	 sublethal	
physiological	responses;	and	(3)	the	ways	 in	which	differential	phys-
iological	 responses	 among	 interacting	 organisms	 indirectly	 mediate	
outcomes	via	interspecific	interactions,	often	in	ways	that	oppose	the	




that	 is	 sensitive	 to	variation	 in	physiological	 responses	of	producers	
and	consumers	 to	environmental	change	and	 their	mediation	of	 the	
supply	and	use	of	food	resources,	which	in	turn	determines	commu-
nity	state	and	vulnerability	to	perturbation.
2  | STRESSORS,  RESOURCES,  AND THE 
COST- BENEFIT CONTINUUM
The	term	“stress”	is	often	defined	loosely,	with	several	authors	(e.g.,	
Boonstra,	 2013;	McEwen	&	Wingfield,	 2010;	 Schulte,	 2014)	 point-
ing	 to	 inconsistencies	 in	 its	 use	 among	 scales	 of	 exploration	 as	 di-
verse	 as	 biochemical	 reactions,	 whole	 organisms,	 and	 ecosystems.	
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At	organismal	 levels,	physiological	 indicators	of	stress	are	classically	
thought	of	as	measures	of	an	organism’s	ability	to	maintain	homeo-
stasis	 in	 the	 face	 of	 otherwise	 destabilizing	 environmental	 change	
(Gunderson	 et	al.,	 2016;	Wingfield	&	Kitaysky,	 2002),	 although	 au-
thors	have	also	pointed	 to	difficulties	with	 this	definition	given	 the	
highly	 dynamic	 nature	of	most	 organisms’	 life	 histories	 (McEwen	&	
Wingfield,	2010).




tween	 “stressor”	 and	 “resource”	 is	 inaccurate,	 and	 the	 true	 impacts	
of	 environmental	 drivers	 on	 physiological	 performance	 fall	 on	 non-
linear	continua	where	both	positive	and	negative	effects	are	possible	
(Figure	1).	 For	 example,	moving	 from	darkness	 into	 light	 can	 clearly	
benefit	a	plant,	but	 light	can	 increase	to	the	point	where	photoinhi-
bition	occurs,	 sometimes	at	 even	very	 low	 levels	 for	 shade-	adapted	
organisms.	 Thus,	 an	 increase	 in	 light	 intensity	 can	 have	 positive	 or	
negative	effects	depending	on	intensity	level	and	the	photosynthetic	
physiology	 of	 the	 organism	 in	 question	 (Figure	1a).	 Similarly,	 nutri-
ents	such	as	nitrogen	are	required	for	growth,	but	in	high	concentra-
tions	can	lead	to	nutrient	toxicity,	such	that	performance	of	primary	






On	 the	whole,	 most	 environmental	 drivers–whether	 generically	
classified	as	“stressors”	or	“resources”–exhibit	positive	effects	at	some	
levels	 and	negative	 effects	 at	 others,	with	potentially	 complex	 rela-
tionships	between	the	driver	and	physiological	performance.	This	type	
of	relationship	is	particularly	well	explored	for	temperature	(Figure	1c),	
and	 described	 using	 a	 thermal	 performance	 curve	 (Dell,	 Pawar,	 &	
























Kordas,	&	Helmuth,	2016).	As a consequence, “stress” cannot be defined 







3  | CONSIDERING PERFORMANCE 
RESPONSES IN THE CONTEXT OF 
INTERACTING SPECIES
Organisms–even	 those	 living	 in	 the	 same	 assemblage–can	 display	
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the	curve,	the	degree	of	skewness	and	the	position	of	the	optimum	
(Angilletta,	 Niewiarowski,	 &	 Navas,	 2002;	 Dell	 et	al.,	 2013;	 Pawar,	
Dell,	Savage,	&	Knies,	2016).	A	simple	example	of	this,	involving	a	dif-
ference	in	the	position	of	the	thermal	optimum	between	two	species,	


















many	 calcifying	organisms,	 increasing	pCO2	 can	display	 a	 threshold	
effect	where	small	increases	have	a	negligible	effect,	but	the	effects	
become	increasingly	severe	past	certain	concentrations	(Doney	et	al.,	
2012;	Figure	2b,	 red	 line).	Although	not	depicted	 in	Figure	2,	 these	















changes	 in	 the	 production	 of	 resource	 species,	 indirect	 effects	 of	


































where	 production	 outpaces	 consumption	 and	 “the	 world	 is	 green”	
(i.e.,	 there	 is	 a	 high	 standing	 biomass	 of	 plants;	 Hairston,	 Smith,	 &	
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biomass	 is	declining	 (instantaneously)	or	minimal	 (over	the	 long-	run,	








system	 tends	 to	 remain	 in	 the	 same	 state	 (blue	 arrows	 in	Figure	3).	
When	environmental	change	reinforces	the	status	quo,	the	likelihood	
of	a	state	change	is	reduced	(black	arrows).	However,	when	environ-
mental	 change	disproportionately	 favors	 the	 species	with	 the	 lower	














Micheli,	 Mancuso,	 &	 Airoldi,	 2014).	 Superficially	 these	 ideas	 are	
similar	to	the	mechanisms	posited	by	the	Metabolic	Theory	of	Ecology	
(Brown	et	al.,	2004),	where	consumer	demand	increases	exponentially	





in	 temperature,	 even	while	 producers	 are	 increasing	 their	 demand,	




5  | SYNTHESIZING MULTIPLE,  NONLINEAR 















Wooster,	 1998).	We	 can	 use	 these	 basic	 relationships	 to	model	 a	









face	 can	 be	 calculated	 to	 reflect	 the	 effects	 of	 temperature,	 pCO2,	
and	food	availability	 (producer	or	prey	biomass)	on	the	performance	
(biomass	 accumulation	 rate)	 of	 the	 consumer	 (Figure	4d).	 (We	 have	




and	d	helps	 to	 illustrate	 the	conditions	under	which	 the	constraints	
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(or	 to	 other	 combinations	 of	 abiotic	 drivers)	 among	 producers/prey	




when	 the	optimal	 temperature	of	a	producer	 is	higher	 than	 its	con-
sumer	(Figure	4a,b),	consumption	can	outstrip	primary	production	at	
























Trophic	 mismatches	 in	 producer	 and	 consumer	 responses	 to	






individual	 responses	 (e.g.,	 consumption)	 that	 aggregate	 to	 maintain	
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behavioral)	and	indirect	factors	 (resource	supply	relative	to	demand)	
can	contribute	to	the	likelihood	of	resource	limitation	and	hence	sta-




mon	 currency	 of	 producer	 biomass	 (food	 energy;	 Sokolova,	 2013)	
encompassing	supply	by	the	producer	and	demand	by	the	consumer	
and	 demonstrate	 how	 variance	 among	 interacting	 species	 in	 their	
nonlinear	 responses	 to	 environmental	 change	 can	 be	 incorporated	
into	predictions	of	community	change	or	stasis.	The	scenarios	pre-
sented	 are	 not	meant	 to	 capture	 the	 full	 suite	 of	 conditions	 seen	
in	 nature.	We	 focus	 on	 how	 trophic	 interactions	 (plant–herbivore)	
vary	as	a	function	of	temperature	and	OA,	and	we	do	not	delve	into	
nonconsumptive	 effects	 (Matassa	&	Trussell,	 2011;	Matzelle	 et	al.,	
2015)	and	or	 the	potentially	 interactive	effects	of	 food	supply	and	
physiological	tolerance	(Matzelle	et	al.,	2015;	Schneider	et	al.,	2010).	
Our	 approach	 seeks	 to	move	 beyond	more	 narrowly	 based	 defini-
tions	of	drivers	of	 change	 (i.e.,	 stress	and	negative	 responses)	 to	a	
more	 generalizable	 framework	 that	 recognizes	 the	 continuum	 of	
positive	to	negative	changes	in	physiological	performance	and	how	
their	variance	among	strong	 interactors	mediate	community	 stabil-





common,	 and	argue	 for	 a	 further	 integration	of	 studies	 at	multiple	
levels	of	biological	organization	(Alcaraz,	Felipe,	Grote,	Arashkevich,	
&	Nikishina,	2014;	Pawar	et	al.,	2015).
If	 biologists	 are	 to	 inform	 climate	 adaptation	 strategies	 (Selkoe	
et	al.,	 2015),	 then	 these	 physiological	 responses–both	 positive	 and	
negative–offer	 critical	 insights	 into	 the	 circumstances	 under	 which	
ecological	phase	shifts	are	most	likely	to	occur	(Harley	&	Paine,	2009;	
Wood	 et	al.,	 2008).	While	 several	 authors	 have	 noted	 the	 utility	 of	
quantifying	differences	in	mortality	 (Case	&	Lawler,	2016),	we	know	






















zooplankton.	Journal of Plankton Research,	36,	3–10.
Allen,	C.	D.,	&	Breshears,	D.	D.	(1998).	Drought-	induced	shift	of	a	forest-	
woodland	 ecotone:	 Rapid	 landscape	 response	 to	 climate	 variation.	
Proceedings of the National Academy of Sciences,	95,	14839–14842.
Angilletta,	M.	J.	(2009).	Thermal adaptation: A theoretical and empirical syn-
thesis.	New	York:	Oxford	University	Press.
Angilletta,	M.	J.,	Niewiarowski,	P.	H.,	&	Navas,	C.	A.	(2002).	The	evolution	
of	 thermal	 physiology	 in	 ectotherms.	 Journal of Thermal Biology,	 27,	
249–268.
Bertness,	M.	D.,	&	Callaway,	R.	(1994).	Positive	interactions	in	communi-
ties.	Trends in Ecology & Evolution,	9(5),	191–193.




Bruno,	 J.	 F.,	 Stachowicz,	 J.	 J.,	 &	Bertness,	M.	D.	 (2003).	 Inclusion	 of	 fa-
cilitation	 into	 ecological	 theory.	 Trends in Ecology and Evolution,	 18,	
119–125.
Calabrese,	 E.	 J.,	 and	 Baldwin,	 L.	A.	 (2003).	The	 hormetic	 dose-	response	






























Annual Review of Marine Science,	4,	11–37.

















Ghedini,	 G.,	 &	 Connell,	 S.	 D.	 (2016).	 Organismal	 homeostasis	 buffers	
















Gunderson,	A.	R.,	&	Leal,	M.	 (2016).	A	conceptual	 framework	 for	under-












perturbations	 dictate	 sudden	 distributional	 shifts	 during	 periods	 of	














fied	oceans.	Marine Ecology Progress Series,	373,	295–302.
Kingsolver,	 J.	 G.,	 &	Woods,	 H.	 A.	 (2016).	 Beyond	 thermal	 performance	
curves:	Modeling	 time-	dependent	 effects	 of	 thermal	 stress	 on	 ecto-
therm	growth	rates.	The American Naturalist,	187,	283–294.
Koch,	M.,	Bowes,	G.,	Ross,	C.,	&	Zhang,	X.-H.	(2013).	Climate	change	and	















to	 loss	 of	 taxonomic	 diversity:	 A	 new	 and	 impoverished	 reef	 state.	
Oecologia,	156,	883–894.
Ling,	 S.	 D.,	 Scheibling,	 R.	 E.,	 Rassweiler,	 A.,	 Johnson,	 C.	 R.,	 Shears,	 N.,	
Connell,	S.	D.,	…	Johnson,	L.	E.	 (2015).	Global	 regime	shift	dynamics	
of	catastrophic	sea	urchin	overgrazing.	Philosophical Transactions of the 
Royal Society B,	370,	20130269.
Liu,	J.,	Kattel,	G.,	Arp,	H.	P.	H.,	&	Yang,	H.	(2015).	Towards	threshold-	based	














B.	 (2015).	 A	 bioenergetics	 framework	 for	 integrating	 the	 effects	 of	
multiple	 stressors:	Opening	a	 ‘black	box’	 in	 climate	change	 research.	
American Malacological Bulletin,	33,	150–160.
McAfee,	 D.,	 Cole,	 V.	 J.,	 &	 Bishop,	 M.	 J.	 (2016).	 Latitudinal	 gradients	 in	




Menge,	 B.	 A.,	 &	 Sutherland,	 J.	 P.	 (1976).	 Species	 diversity	 gradients:	
Synthesis	of	the	roles	of	predation,	competition	and	temporal	hetero-
geneity.	American Naturalist,	110,	351–369.
Monaco,	 C.	 J.,	 &	 Helmuth,	 B.	 (2011).	 Tipping	 points,	 thresholds,	 and	
the	 keystone	 role	 of	 physiology	 in	 marine	 climate	 change	 research.	
Advances in Marine Biology,	60,	123–160.
Munday,	P.	L.,	Crawley,	N.	E.,	&	Nilsson,	G.	E.	 (2009).	 Interacting	effects	
of	 elevated	 temperature	 and	ocean	 acidification	on	 the	 aerobic	per-






cades	revealed	in	diverse	ecosystems.	Trends in Ecology and Evolution,	
14,	483–488.
Pawar,	S.,	Dell,	A.	 I.,	&	Savage,	V.	M.	 (2015).	From	metabolic	constraints	
on	 individuals	 to	 the	 dynamics	 of	 ecosystems.	 In	 A.	 Belgrano,	 G.	
Woodward,	&	U.	Jacob	 (Eds.),	Aquatic Functional Biodiversity: An eco-
logical and evolutionary perspective	(pp.	3–36).	London:	Academic	Press.
     |  11HARLEY Et AL.
Pawar,	S.,	Dell,	A.	I.,	Savage,	V.	M.,	&	Knies,	J.	L.	 (2016).	Real	versus	arti-
ficial	variation	 in	 the	 thermal	 sensitivity	of	biological	 traits.	American 
Naturalist,	187,	E41–E52.
Pfister,	C.	A.,	Esbaugh,	A.	J.,	Frieder,	C.	A.,	Baumann,	H.,	Bockmon,	E.	E.,	
White,	 M.	M.,	 …	 Ziveri,	 P.	 (2014).	 Detecting	 the	 unexpected:	 A	 re-





Pincebourde,	 S.,	 Sanford,	 E.,	 &	 Helmuth,	 B.	 (2008).	 Body	 temperature	
during	low	tide	alters	the	feeding	performance	of	a	top	intertidal	pred-
ator.	Limnology and Oceanography,	53,	1562–1573.
Post,	 E.	 (2013).	 Ecology of Climate Change: The Importance of Biotic 
Interactions.	Princeton,	N.J.:	Princeton	University	Press.
Post,	 E.,	 &	 Forchhammer,	 M.	 C.	 (2008).	 Climate	 change	 reduces	 repro-
ductive	 success	 of	 an	 arctic	 herbivore	 through	 trophic	 mismatch.	













intertidal	Mytilus	species.	Journal of Thermal Biology,	35,	161–166.
Schulte,	P.	M.	(2014).	What	is	environmental	stress?	Insights	from	fish	living	
in	a	variable	environment.	Journal of Experimental Biology,	217,	23–34.
Seebacher,	F.,	&	Franklin,	C.	E.	(2012).	Determining	environmental	causes	
of	biological	effects:	The	need	for	a	mechanistic	physiological	dimen-




systems	prone	to	tipping	points.	Ecosystem Health and Sustainability,	1,	17.
Sih,	A.,	Englund,	G.,	&	Wooster,	D.	 (1998).	Emergent	 impacts	of	multiple	
predators	on	prey.	Trends in Ecology and Evolution,	13,	350–355.
Sinclair,	B.	J.,	Marshall,	K.	E.,	Sewell,	M.	A.,	Levesque,	D.	L.,	Willett,	C.	S.,	
Slotsbo,	S.,	…	Huey,	R.	B.	(2016).	Can	we	predict	ectotherm	responses	















phology	with	vertical	distribution.	Journal of Experimental Biology,	199,	
1845–1855.
Strain,	 E.	M.	A.,	Thomson,	 R.	 J.,	Micheli,	 F.,	Mancuso,	 F.	 P.,	 &	Airoldi,	 L.	
























increase	calcification	rates,	but	at	a	cost.	Proceedings of the Royal Society 
B: Biological Sciences,	275,	1767–1773.
How to cite this article:	Harley	CDG,	Connell	SD,	 
Doubleday	ZA,	et	al.	Conceptualizing	ecosystem	tipping	 
points	within	a	physiological	framework.	Ecol Evol. 2017;00: 
1–11.	https://doi.org/10.1002/ece3.3164
Graphical Abstract
The	contents	of	this	page	will	be	used	as	part	of	the	graphical	abstract	of	html	only.	It	will	not	be	published	as	part	of	main.
Rate of production
Ra
te
 o
f c
on
su
m
pt
io
n
(r
ea
liz
ed
 o
r p
ot
en
tia
l)
Producer
dominated
Consumer
dominated
We	consider	a	framework	that	realigns	the	positive	and	negative	physiological	effects	of	changes	in	climatic	and	non-climatic	drivers	with	indirect	
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